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ABSTRACT 

A  consistent  set  of  total  cross  sections  for  electron  impact  excita¬ 
tion  of  the  A  B3n  ,  W3A  ,  B'32T,  C  3n  ,  E  3£+  and  D  3£+  triplet 

u  g  U  U  U  g  U  r 

states  of  molecular  nitrogen  from  the  state  has  been  calculated 

quantum  mechanically  for  incident  electron  energies  from  threshold  to 
80  eV.  The  Ochkur-Rudge  exchange  scattering  and  Franck- Condon  approx¬ 
imations  were  employed  to  obtain  these  cross  sections.  Minimum  and 
double -minimum  basis  set  LCAO-MO  wavefunctions  centered  on  the  nuclei 
were  used  and  the  multicenter  terms  in  the  scattering  amplitude  were 
evaluated  using  a  zeta  function  expansion.  Rotationally  averaged  cross 
sections  were  calculated  for  excitation  from  v"  =  0  to  individual  v1  -  levels 
of  the  excited  electronic  states.  The  calculated  total  cross  section  for 

excitation  of  the  B  3n  state  is  in  good  agreement  with  that  deduced  from 

g 

recent  experimental  data  for  the  process.  The  cross  section  for  excitation 
3 

of  the  C  Ilu  state  agrees  well  with  one  pair  of  experimental  measurements, 
is  a  factor  of  2  larger  than  another  pair  of  measurements, and  about  a  factor  of 
four  larger  than  a  fifth  experimental  determination  and  the  previous  calcula¬ 
tions.  The  calculated  cross  section  for  excitation  of  the  A  state  is  a  good 
deal  larger  than  previous  theoretical  and  experimental  estimates.  However, 
a  comparison  with  recent  experimental  differential  cross  section  data 

-iii  - 


indicates  that  the  theoretical  A  total  cross  section  is  correct  for 

u 

incident  energies  greater  than  about  35  eV.  The  relative  magnitudes 
of  these  excitation  cross  sections  lead  to  interesting  predictions  con¬ 
cerning  processes  in  the  upper  atmosphere. 
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I.  INTRODUCTION 


In  any  detailed  study  of  phenomena  involving  charged  particles 

and  gaseous  molecular  nitrogen  it  is  necessary  to  have  reliable  cross 

sections  for  the  various  excitation  processes  of  molecular  nitrogen  by 

electrons.  In  addition  to  the  central  role  these  inelastic  processes  play 

1  2 

in  atmospheric  physics,  ’  these  same  collision  processes  are,  for 

instance,  important  in  explaining  the  operation  of  the  recently  developed 

3 

molecular  nitrogen  gas  laser.  However,  there  has  been  no  consistent 
set  of  cross  sections  for  excitation  of  the  individual  electronic  states 
previously  reported,  experimental  or  theoretical,  and  the  sets  of  cross 
sections  which  have  been  employed  to  describe  the  effect  of  electron 
collisions  in  gaseous  N^  have  generally  been  incomplete  and  in  some 
cases  inaccurate. 

In  this  paper  total  cross  sections  for  the  electron  impact  excita- 
tation  of  the  seven  lowest  triplet  states  of  molecular  nitrogen  from 

4 

the  lowest  vibrational  level  of  the  ground  electronic  state  are  reported. 

The  calculations  were  done  in  the  framework  of  a  modified  first  order 
perturbation  approximation  (Ochkur-Rudge)  which  has  been  success¬ 
ful  in  describing  similar  processes  in  molecular  hydrogen.  The  calculated 

3 

cross  section  for  excitation  of  the  B  state  agrees  well  with  that  implied 
by  recent  data  on  the  excitation  of  the  second  positive  system  by  electron 

3 

impact.  The  calculated  excitation  cross  section  for  the  C  riu  state 
agrees  well  with  two  experimental  determinations  but  is  larger  than 
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another  set  of  measurements  for  the  same  process.  The  cross  sections 

3  3  f  3  + 

for  excitation  to  the  W  A  ,  E  E  and  D  E  states,  for  which  little 

u  g  u 

or  no  data  exists,  are  found  to  be  large  enough  to  play  an  important 
role  in  the  population  of  the  lower  electronic  states  in  the  triplet  system 
of  N2. 

In  Section  II  a  brief  discussion  is  given  of  the  derivation  of  the  first 
order  exchange  amplitude  from  the  many  body  scattering  formalism. 

The  bound  state  wavefunctions  and  the  numerical  techniques  used  are 
presented  in  Sections  III  and  IV  respectively.  Section  V  contains  the 
comparison  of  the  calculated  cross  sections  with  the  available  experimen¬ 
tal  and  other  theoretical  results  and  a  discussion  of  the  quality  of  the 


calculated  c  ross  sections. 


II.  THEORY 


In  describing  the  scattering  of  a  free  electron  by  a  particle 
composed  of  Nq  electrons  it  is  essential  that  the  N  =  Nq+  1  particle 
system  be  properly  antisymmetrized  in  accordance  with  the  Pauli 
principle.  In  doing  so  it  is  convenient  to  write  the  time-independent 
unsymmetrized  initial  state  (X_)  in  terms  of  the  electron  space-spin 

A 

variables  as  (suppressing  for  the  moment  any  other  degrees  of  freedom) 

*.<e0€r  *  *  ^n0)  =  <*si^o^s2^r  *  *  ^nq)»  ^ 


where  SI  and  S2  denote  the  quantum  state  of  the  incident  and  target  particle 
respectively,  including  spin.  The  function  denoting  the  target  particle, 

is  assumed  to  be  the  correctly  antisymmetrized  solution  of  the  NQ-electron 
problem  and  £gj  is  the  free  electron  wavefunction.  The  complete 

antisymmetrized  wavefunction  for  the  Nq+  1  electron  system  is  then 
k  5 

given  by 


N  +  1 


u4(a)-r>Axa  +1j,  ^€QQ^si^o^S2^r  ’  * 

O  o  u 


where  Q  is  one  of  the  N!  permutations  of  the  N  particles  and  is  the 
parity  of  the  permutation.  When  the  number  of  identical  particles  (N) 
is  the  same  in  both  the  incident  and  final  channels,  the  T  -  matrix  for  the 
collision  process  can  be  written  as^ 


S4(b«9Ij4(a)>=  ,n  ■  <3> 

0  Q 
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r 


where  the  symbol  ^4(b)  denotes  the  antisymmetrized  N  particle  final 
state  and  97*  is  the  transition  operator  for  the  process.  If  the  addition¬ 
al  restriction  is  made  that  the  final  channel  also  contains  Nq  bound 
electrons  and  one  free  electron,  the  unsymmetrized  final  channel  wave- 
function  can  be  taken  to  have  the  same  form  as  for  the  initial  channel: 


= 


l^o^S'2^ 


r 


r\j  ). 

o 


(4) 


When  Eq  (4)  is  inserted  into  Eq  (3)  and  use  is  made  of  the  fact  that  ^g^ 
is  antisymmetric  with  respect  to  its  Nq  particles,  Eq  (3)  can  be  rewritten 
in  the  form 


<^(b)l0'JA(a)>=<Xbl9'|Xa>-^<aojXbigixa> 

j=l 


(5) 


In  Eq  (h  )  the  symbol  denotes  interchange  of  the  incident  electron 
and  the  j—  bound  electron. 

A.  Pure  Exchange  Excitation 

The  first  term  in  Eq  (h)  represents  the  contribution  due  to  direct 
scattering  and  the  second  term  that  due  to  exchange  scattering.  In  the 
remainder  of  the  discussion,  only  the  exchange  amplitude  will  be  discussed 
since  the  processes  of  interest  here  are  pure  exchange  in  character. 
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In  the  above  treatment,  the  bound  state  wavefunctions  are  assumed 

to  be  known  and  in  the  general  case  the  free  electron  wavefunctions  (£)  are 

determined  in  terms  of  these  known  functions.  General  expressions  for 

the  free  electron  wavefunctions  can  be  written  in  terms  of  the  N  -electron 

o 

wavefunctions  by  using  properties  of  the  symmetric  group  (tableaux) 
for  Nq+  1  electrons.^*  This  method  of  dealing  with  the(NQ+  l)-particle 
system  insures  that  the  solutions  obtained  are  correct  eigenfunctions  of 
the  total  spin  and  z-component  of  the  spin  for  the(NQ+  l)-electron  system. 

The  practical  extension  of  these  techniques  based  on  the  symmetric  group 
to  the  case  where  (Nq+  1)  >  3  is  made  possible  by  observing  that  many 
cases  of  interest  can  be  reduced  to  that  corresponding  to  (Nq+  1)  =  2  or  3 
electrons  by  using  the  properties  of  closed  orthogonal  shells.  Thus  for 
the  processes  of  interest  here  in  the  (e,  N.,)  system  the  15-electron 
problem  can  be  reduced  to  either  a  three-  ora  five- electron  problem  depend¬ 
ing  on  the  particular  excitation  process.  However  the  close-coupling 
and  distorted- wave  methods,  which  arise  naturally  from  the  formulation 
using  the  symmetric  group,  were  considered  to  be  too  complicated  to 
be  used  for  this  study  of  the  exchange  excitation  of  because  of  the 
mathematical  difficulties  associated  with  the  lack  of  spherical  symmetry 
in  the  1^  molecule.  Consequently  a  modified  fir6t-order  description 
of  the  exchange  excitation  process  was  used  in  these  calculations  in 
which  the  distortion  of  the  free  electron  wavefunction  by  the  bound  system 
is  neglected.  The  spin  variables  in  Eq  (5)  can  be  treated  as  follows: 

Since  the  interactions  producing  the  exchange  excitation  are  taken 
to  be  independent  of  spin  and  only  the  lowest  order  term  in  the  exchange 
transition  amplitude  is  to  be  treated,  the  integration  over  spin  variables 
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can  be  performed  in  a  number  of  equivalent  ways.  One  may  reduce 
the  general  expressions  for  the  N  electron  problem  derived  from 
the  symmetric  group  to  those  terms  of  lowest  order  in  the  exchange 
interaction.  The  correct  factors  from  the  spin  integration  then  appear 
as  coefficient'  of  these  first  order  terms,  expressed  as  functions  of 
the  tableaux  shape.  ^  As  a  good  approximation,  one  may  also  assume 
that  the  complete  wavefunction  for  both  the  target  and  the  incident  elec¬ 
tron  can  be  explicitly  factored  into  a  product  of  two  terms,  one  involving 

only  spatial  variables  and  the  other  the  spin  eigenfunction  of  the  particle. 

7 

Then  since  channel  spin  is  conserved,  the  spin  integration  can  be  per¬ 
formed  with  the  aid  of  vector  coupling  techniques  and  without  having  to 
manipulate  explicit  spin  wavefunctions.  This  is  particularly  straight  forward 
when  the  initial  spin  state  of  the  bound  state  is  a  singlet  for  then  the 
incident  channel  spin  state,  |S,Sz>,  in  terms  of  the  two  particle  spin 
states,  \j,J .  i  =  b  or  e,  is 

|l/2  1/2  >.  .  .  =  |00>,  11/2  1/2  >  .  (6) 

1  initial  b  e 

In  Eq  (6)  the  subscripts  b  and  e  denote  respectively  the  bound  and  free 
particle  spin  states  and  the  incident  particle  beam  has  been  assumed, 
for  the  moment,  to  be  polarized.  When  the  final  spin  state  of  the  bound 
particle  is  a  triplet,  the  final  channel  spin  state,  in  terms  of  the  target 
and  free  particle  spin  states,  is 

l‘/2  1/2 ’final*  /I  l“>bll/2  1/2V  .jl10V1/2  1/2>e'  (7) 
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From  the  conservation  of  channel  spin,  the  orthonormality  of  the  free 
particle  spin  states,  and  the  normalization  of  the  channel  spin  state, 
the  inner  product  of  the  initial  and  final  channel  spin  states  given  by 
Eqs  (6)  and  (7)  reduces  to 


<1/2  1/2  |  1/2  1  /2  >  <  1  0  |  00 v  --  -  n/3 

e  1  b 


(8) 


which  is  the  result  of  the  spin  integration  for  a  singlet-triplet  transition. 
The  first  order  T-matirx  for  the  exchange  excitation  process,  in  terms 
of  spatial  variables  only,  now  follows  directly  from  Eqs  (5)  and  (8)  as 

Stfx-  - 

N 

=  ^  Vf  ( ^ '"d f  1  •  •  •  1  ’  I  «i( f  o’ *i( f  !  •  •  •  ?N0»  >  . 


\  =  1 


(9) 


where  the  permutation  Qq^  now  involves  only  the  spatial  variables 
and  the  superscript  (1)  means  only  the  first  order  term  in  the  exchange 
interaction  is  retained.  In  Eq  (9),  4>  and  'I' are  used  to  denote  the  spatial 
portions  of  the  free  (plane  wave)  and  bound  particle  wavefunctions  and 
the  subscripts  i  and  f  denote  initial  and  final  states  respectively.  As 
a  third  equivalent  procedure  for  treatment  of  the  spin  variables,  one 
may  form  the  differential  cross  section  in  terms  of  the  spatial  portions 
of  the  transition  amplitude  and  merely  sum  this  cross  section  over  the 
spin  projections  of  the  final  bound  particle  (triplet)  and  average  over  the 
initial  spin  projections  of  the  bound  particle.  ^  One  then  obtains  a  cross 
section  which  is  proportional  to  the  square  of  (9).  The  normal  experimental 


-7- 


situation  of  an  unpolarized  beam  yields  the  same  result  as  given  in 
Eq  (9)  since  the  two  possible  free  electron  spin  states  are  weighted 
equally.  ^ 

The  complete  r3"ope rator  for  the  (e,  N^)  system  is^ 

^-Vi  vQoxETlVrH  v-  <10> 


where  H  and  E  respectively  are  the  Hamiltonian  and  total  energy  of 
the  system  and  V  is  (in  atomic  units) 


v  =  - 


7 

rAo 


H 


1 


(11) 


The  subscripts  A  and  B,  i,  and  o  in  Eq  (11)  refer  respectively  to  the  two 

iL 

nuclei,  the  i  bound  electron,  and  the  incident  electron.  The  first  order 
transition  amplitude  is  obtained  by  the  substitution^^* V  in  Eq  (9). 


B.  The  Ochkur-Rudge  Modification 

The  Born-Oppenheimer  (BO)  scattering  amplitude  as  given  in 

8 

Eq  (9)  pus  .esses  well  known  difficulties  in  describing  the  scattering 

process  for  low  energy  electrons.  Modifications  of  the  (BO)  amplitude 
9  10 

by  Ochkur  and  Rudge  have  removed  the  major  difficulties  while  still 
maintaining  the  first  order  simplicity.  The  Ochkur-Rudge  (OR)  approxi¬ 
mation  to  the  exchange  amplitude  has  been  shown  to  predict  reliable  total 

1  la 

cross  sections  for  exchange  scattering  processes  involving  ^  ,  He, and 

H*  ***  and  therefore  has  been  used  with  some  confidence  in  this  study  of  the 
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(e,  N~)  system.  The  (OR)  approximation  is  obtained  as  follows.  The 
nuclear  and  electronic  motion  are  separated  by  writing  the  bound  state 
wavefunction  as 


*i  " 


4 .  (?, 


rN 


R)£nnv"(R)  YJ"M" 


(0,4>) 


Vv1 


J1  M' 


■N 


(R)Y 


J'  M1 


ie,  4>) 


(12) 


where  n,  v,  (J,  M)  and  4*,  £ ,  Y  are  respectively  the  electronic,  vibrational 
and  rotational  quantum  numbers,  and  the  corresponding  wavefunctions  of  the 
molecule.  The  symbols  r.  and  R  =(R,0,  <j>)  denote  respectively  the  i^ 
electronic  and  the  nuclear  coordinates  with  respect  to  a  space  fixed 
coordinate  system.  Equation  (9)  can  be  rewritten  using  Eqs  (12)  and 
tT(1)  =  V,  as 

=  <^n,v'YJ'M’  I  Tfi  ^n"v"YJ"M"  >  ’  (13) 


where  T^.,  the  electronic  portion  of  the  transition  amplitude,  is  given  by 


N 


\  =  1 


The  integration  in  Eq  (13)  is  over  nuclear  coordinates  while  that  in  Eq  (14) 

is  over  electronic  coordinates  for  fixe',  nuclei.  Omitting  the  details  of  the 
9  10 

derivation  *  the  (OR)  modification  of  Eq  (14),  generalized  to  Nq  bound 
electrons  is 
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o  iq.  r  . 


'ViK  -'3'Vfr-  fN  »  .  ’  m  2  q<rV--r" N> 

v  O  f-*  k'  -  1  I  ,  o 


where  t h t*  wavenumber  k'  is  related  to  the  incident  electron  energy,  k 
and  the  energy  difference  between  the  molecular  states  by 


k'  [k2o-2,VE.)] 


and  E^E^.)  denotes  the  energy  of  the  initial  (final)  molecular  state.  The 

quantities  of  q  and  IQu  are  respectively  the  magnitude  of  the  momentum 

transfer  defined  as  q^k^-  k1  and  the  ionization  energy  of  the  initial  state 

in  Rydbergs.  The  subscript  j  in  Eq  (15)  denotes  the  electron  with  which 

the  exchange  takes  place  and  the  summation  runs  over  all  Nq  bound  electrons 

Additional  simplifications  of  Eq  (15)  can  be  made  when  specific  config 

urations  are  chosen  for  the  initial  and  final  electronic  states  and  their 

respective  electronic  wavefunctions  are  expressed  as  single  Slater 

determinants.  Then  if  the  orbitals  used  for  the  initial  and  final  electronic 

states,  customarily  obtained  by  energy  minimization,  are  transformed  by 

unitary  transformations  such  that  the  overlap  matrix  between  the  two  sets 

12 

of  orbitals  used  in  the  wavefunctions  is  diagonal,  Eq  (15)  reduces  to 


tor 

fi 


s/3  4tt 


[k'  - !  vl' 


«/>■(?)  I  eiq’  r|<P,|(r)>E>  ,  „ 
/  til 


The  symbol  </^lt(</^,  )  has  been  used  to  denote  the  initial  (final)  non- degene  rate 
"corresponding  orbital"^  involved  in  the  excitation  process  for  the  chosen 
pair  oi  configurations  and  1^,,  has  been  replaced  by  the  theoretical  orbital 
eigenvalue  of  the  orbital,  denoted  as  I^M.  The  multiplicative  factor 
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results  from  the  diagrnalization  of  the  overlap  matrix  between 
the  initial  and  final  electronic  states.  In  writing  Eq  (17)  the  additional 
phase  factors  of  the  electronic  transition  amplitude  introduced  by  the 
unitary  transformation  of  the  orbitals  have  been  omitted  since  they  are 
not  important  for  a  pure  exchange  process.  It  should  be  noted  that  the 
simplification  of  the  summation  in  Eq  (15)  to  the  single  term  in  Eq  (17) 
is  a  result  of  the  orthogonality  of  the  "corresponding  orbitals",  the  choice 
o  f  specific  single  configurations  for  the  initial  and  final  electronic  states 

•  a  -A 

and  the  fact  that  the  transition  operator  ( e1C1 ' *")  is  a  single- particle  operator. 

This  simplification  is  the  usual  Slater-Condon  rule  except  for  the  factor 
1  /  2 

D^,,  and  the  fact  that  the  orbitals  and  <^,  are  "corresponding"  orbitals. 
These  two  modifications  are  necessary  whenever  the  MO  sets  used  to  des¬ 
cribe  the  ground  and  excited  electronic  states  are  non- orthogonal.  The 
extension  to  multiconfigurational  wavefunctions  can  be  made  without  difficulty. 

C.  Rotationally  Averaged  Cross  Sections 

2 

The  differential  cross  section  (in  units  of  na  )  for  the  excitation  pro- 

o' 

f  5 

cess,  I  ,  is  related  to  the  transition  amplitude,  Eq  (13)  by 

Iffk  .0(01= — - —  /t  1 1  ^  MSI 


It  (k  ,e,<P)=— 
'  °  4 


iHSTf,  (T«>I  • 


with  T^  as  given  in  Eq  (14).  Since  transitions  between  specific  rotational 

levels  are  not  of  interest  here  and  because  under  most  experimental 

conditions  the  energy  resolution  is  not  sufficient  to  resolve  the  specific  AJ 

transitions,  Eq  (18)  is  summed  over  final  rotational  states  and  averaged 

over  the  2J"  +  1  degenerate  initial  states.  The  differential  cross  section 

1  la 

can  then  be  written  in  the  (OR)  approximation  as 
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1n"v"(k<>’0  ,l,,)  '  4  3  k  ^nV!Tn"v"l^n"vM^AVE  ’  (19* 

where  k"  =  [kL-2(E  ,  ,-E  ,,  ,)V  and  T n,, V, ,  *  (k"  )  are  both  now 

l  o  n'v'  n'V  J  nMv'  fi 

independent  of  the  rotational  quantum  numbers.  The  subscript  "AVE" 

m  Eq  (19)  is  used  to  indicate  that  the  square  of  the  transition  amplitude 

is  averaged  over  all  orientations  of  the  molecular  axis  with  respect 

to  the  incident  electron  beam  (k  ). 

o 

For  certain  of  the  transitions  of  interest  here,  the  final  electronic 
state  is  degenerate  ^in  the  approximation  of  Eq  (12)jbecause  of  A-  doubling. 
The  wavefunction  used  to  describe  such  a  state  is  usually  taken  as  a  single 
configuration  corresponding  to  one  of  the  two  degenerate  A-  states.  Since 
the  totality  of  all  rotational  transitions  are  considered,  the  possibility 
of  the  A  -  degeneracy  can  be  accounted  for  by  multiplying  Eq  (19)  by  a 
factor  equal  to  the  A-  degeneracy  of  the  final  state: 


Wf  =  2  '  6o,A  ’ 


where  f>  is  the  kronecker  delta  and  A  the  projection  of  the  total  electronic 
orbital  angular  momentum  on  the  internuclear  axis.  Equation  (19)  then 
becomes 

If  ( k  ,  0  .V1)  -  — -  £1  w.|<£  ,  ,  |  Tn' V,',  I  i  „  „>|2  r  .  (20) 

,  o  .3k  f'  bn'v'  1  n"v"  !  ’n"v"  'AVE 

4tt  o 


It  should  be  pointed  out  that  no  additional  factor  need  be  introduced 
for  the  case  of  the  four  equivalent  electrons  in  the  ground  state.  This 
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1 


equivalence  and  any  similar  equivalence  in  the  excited  states,  is 
accounted  for  when  the  symmetry  of  the  final  state  is  specified. 

Two  useful  approximations  which  can  be  applied  to  Eq  (20)  will 
now  be  discussed. 


1 .  The  R- centroid  Approximation 


This  approximation  consists  of  replacing 


<^n'vl  I  Tn"v"  ^n"v"  > 


by  Tn"v"  ^v'v"^  ^n'v' I  ^n"v"  >  ' 


13 

where  is  called  the  R-centroid  of  the  (v1,  v")  transition  and 

is  defined  by  Rv,v„  ~  <  £n,v,  I  R  I  £n„v„>.  Ecl  (20)  then  reduces  to 


Cv(ko’e'^=  4it3  kQ  “f  '  Tn"v"  ,ko'6  kv'v"*  ^  AVE  ‘V'v"  (21) 


where  q^,^,,  called  the  Franck- Condon  factor,  is  defined  by 
q  ,  ,,  =  <  ^nivi  I £n"vii > •  This  R-centroid  approximation  has  been  quite 

14 

useful  in  the  analysis  of  molecular  spectra  but  has  recently  been  criticized 
as  to  its  validity  for  certain  molecular  transitions,  and  in  particular  for 
transitions  in  N£.  It  would  have  been  interesting  to  test  this  approxima¬ 
tion  for  the  transitions  of  interest  here  but  unfortunately  not  enough  molecu¬ 
lar  information  is  known.  That  is,  while  the  R- centroids  and  Franck- Condon 
factors  are  readily  available,  the  necessary  excited  state  wavefunctions  opti¬ 
mized  at  various  values  of  the  internuclear  distance  have  not  yet  been 
published.  Consequently  the  R-centroid  approximation  could  not  be  applied 
in  this  work. 
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2.  The  Franck- Condon  Approximation 


The  Franck- Condon  approximation  is  based  on  the  assumption 

that  the  electronic  transition  amplitude,  Eq  (14),  is  a  slowly  varying 

function  of  the  internuclear  distance  over  the  normal  range  of  the  variable 

n 1  v 1 

and  consequently  can  be  replaced  by  a  constant,  Tn„  l(  (H-e)»  in  the 
integration  over  R.  Equation  (20)then  takes  the  form 


Cv*  <ko'6^> 


4  TT 


k  Wf  '  Tn"v"  ^ko’0  ,</9;  Re^AVE  qv'v"  '  *22* 


Except  for  those  transitions  from  v"  :  oortov1  =  o,  the  choice  of  Rg 

is  not  obvious  and  as  might  be  expected,  the  Franck-Condon  approximation 

is  not  always  reliable  for  all  (v',v")  transitions.  However,  for  processes 

originating  from  v"  =  o,  the  Franck-Condon  approximation  has  been  shown 
1 5 

to  be  quite  good,  in  most  cases  accurate  to  within  10%.  This  result 

is  due  to  the  fact  that  the  initial  vibrational  wavefunction  (£  ..  )  is 

Jn ",  v  — o 

gaussian  in  character  centered  at  the  Rg  of  the  initial  electronic  state  and 
consequently  the  major  contribution  to0f^  ,  Eq  (13),  must  occur  at 
this  same  R(>.  Since  the  processes  of  interest  in  this  study  originate 
from  v"  -  o,  the  Franck-Condon  approximation  has  been  employed  and 
is  expected  to  be  a  reliable  approximation  to  the  more  complicated 
expression,  Eq  (20). 

The  total  cross  section  for  the  transition  (n'v1— n"v")  is  obtained 
from  the  differential  cross  section  by 


<7 


n'  v' 
n"v" 


(k  ) 
o 


(ko,e^>d 


(23) 
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A  useful  quantity  in  many  applications  is  the  total  cross  section  for 

n  1 

excitation  of  a  particular  electronic  state  and  is  obtained  from 

Eq  (23)  by  summing  over  all  v1  values  as 


(k  ) 

o 


Z  n'  v1 
n"v" 


(24) 
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III.  WAVEFUNCTIONS 

There  have  been  a  number  of  accurate  extended  and/or  fully 

optimized  basis  set  calculations  reported  for  the  X  state  of  N?.  ^ 

However  these  results  did  not  include  wavefunctions  for  the  various  excited 

states  of  of  interest  in  this  work.  In  addition,  the  programs  employed 

in  the  present  calculations  for  the  evaluation  of  the  multicenter  terms  which 

appear  in  the  transition  amplitude  were  not  able  to  include  atomic  orbitals 

with  principle  quantum  numbers  i  3.  Consequently  an  elaborate  ground 

state  wavefunction  could  not  be  used  and  to  be  consistent,  the  present 

calculations  were  limited  whenever  possible  to  wavefunctions  for  the 

ground  and  excited  states  which  were  formed  from  atomic  orbitals  with 

principle  quantum  number  equal  to  1  and  2. 

In  Table  I  are  given  the  electronic  configurations  of  the  ground 

and  excited  states  of  interest,  in  order  of  increasing  energy  above  the 

ground  electronic  state.  The  occupancy  of  each  molecular  orbital  (MO) 

is  indicated  by  +  and  -  symbols  appropriate  to  the  z- component  of  the 

electron  spin.  The  symbol  Qm^  denotes  the  m**1  Rydberg  orbital  of 

symmetry  X.  which  gives  the  proper  state  symmetry  when  combined  with 

the  electronic  core. 

3  3 

For  B  n  and  C  n  electronic  states,  the  SCF-MO  set  of  wave- 
8  u 

functions  constructed  from  minimum  basis  set  Slater  type  atomic  orbitals 

1 7 

by  Sahni  and  De  Lorenzo  (SDL)  were  used.  Since  the  B  and  C  excited 

states  are  open  shell  states,  the  wavefunctions  for  these  states  were 

17  . 

determined  within  the  framework  of  a  "restricted"  SCF  treatment  in 
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TABLE  I 


The  electronic  configurations  of  the  ground 
and  excited  triplet  states  of  molecular  nitrogen.* 


(1  2ag2) 

fO 

Q 

C 

3a 

g 

1 7T 

U 

iff 

u 

Iff 

g 

Iff  ... 
g 

0 

+  - 

4— 

+  - 

+- 

+- 

+- 

+  - 

4- 

4- 

*\ 

+  - 

+ 

4~ 

4-- 

4- 

w3a 

u 

+  - 

+- 

4— 

4- 

4- 

B'  \ 

4— 

+- 

4*  — 

4- 

4- 

c3n 

u 

4- 

+- 

+- 

4— 

4- 

+  - 

+ 

+- 

4-- 

+ 

d3< 

4— 

+ 

+- 

4— 

4- 

*The  occupancy  of  each  MO  is  indicated  by  giving  the  spin 
projects. i  (A  each  electron  in  the  MO. 
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order  to  issue  a  pure  spin  state.  The  resulting  wavefunctions  used  were  in 

the  form  of  single  Slater  determinants  in  which  the  spin  degrees  of  freedom 

in  the  calculation  of  the  transition  amplitude  were  treated  separately  as 

outlined  in  Section  II.  In  the  (SDL.)  wavefunctions,  the  values  used  for 

1 8 

the  screening  constants  were  those  given  by  Slater's  Rules  and  all  the 

wavefunctions  were  calculated  at  one  internuclear  distance,  that  of  the 

ground  electronic  state.  A  detailed  discussion  of  the  symmetry  structure 

1 8 

of  the  MO's  can  be  found  in  work  of  Scherr.  For  the  excitation  of  the 

B  and  C  state,  the  wavefunction  used  for  the  X  *E+  ground  electronic  state 

19 

was  the  exponent-optimized  minimum-basis  wavefunction  o f  Ransil  con¬ 
structed  of  orthogonal  AO's. 

3  +  3  20  1  + 

For  excitation  of  the  A  Z  and  W  A  states  from  the  X  E 

u  u  g 

ground  state  the  double  minimum-basis  set  SCF-MO  wavefunctions  of 

Richardson‘S  were  used.  Richardson's  calculations  are  similar  to  those 

carried  out  by  (SDL)  except  that  the  number  of  basis  functions  centered  on 

each  nucleus  was  doubled.  The  screening  constants  employed  in  the 

Richardson  wavefunctions  were  determined  from  calculations  on  the  N  atom 

for  the  Is  atomic  orbital  and  by  a  slight  modification  of  the  customary  Slater 

Rules  for  ’.he  2s  and  2p  atomic  orbitals.  As  for  the  (SDL)  and  Ransil  wave- 

functions,  the  calculations  were  done  only  at  the  equilibrium  internuclear 

separation  of  the  X  state.  Based  on  the  energy  criteria  for  the  quality 

8 

of  a  wavefunction,  the  Richardson  results  should  be  as  good  as  any  single 

zeta  set  of  wavefunctions  in  which  the  screening  constants  were  independently 

.  21 

optimized. 
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17  1  + 

Sahni  et  al,  (SDL)  also  reported  wavefunctions  for  the  X  X 

S 

3  + 

ground  and  A  excited  state  so  the  effect  of  improved  wavefunctions 

on  the  calculated  cross  section  could  be  determined  in  this  case  by  com- 

3  + 

paring  the  excitation  cross  section  to  the  A  X^  state  obtained  from  the 

(SDL)  set  with  that  obtained  using  the  Richardson  double- zeta  wavefunctions. 

The  results  obtained  from  this  comparison  are  discussed  in  Section  V. 

For  excitation  to  the  two  Rydberg  states,  E  and  D  ^X*,  the 

22 

wavefunctions  calculated  by  Lefebvre- B rion  and  Moser  (LBM)  were 
used.  The  E  and  D  Rydberg  states  converge  to  the  X^X+  state  of 
and  were  represented  by  a  single  configuration  in  which  the  core  was 
assumed  to  be  the  same  for  all  the  Rydberg  states.  The  screening 
constants  for  the  orbitals  were  chosen  by  Slater's  Rules  and  the  calcula¬ 
tions  were  carried  out  at  the  internuclear  separation  of  the  X  ^X*  state  of 
N^.  The  coefficients  of  each  Rydberg  orbital  were  found  by  minimizing 
the  energy  of  the  Rydberg  orbital  in  the  field  of  the  fixed  core.  Of 
the  three  nearly  equivalent  wavefunctions  reported  by  (LBM)  for  each 
Rydberg  state,  the  wavefunction  corresponding  to  set  B  was  used  in 
these  calculations  to  describe  the  E  and  D  Rydberg  states.  The  coeffi¬ 
cients  and  screening  constants  of  the  atomic  orbitals  comprising  the 
Rydberg  MO's  for  these  two  states  are  given  in  Table  II. 

In  the  calculation  of  the  transition  amplitudes,  the  quantity  (1^,,) 
in  Eq  (17)  was  taken  to  be  the  orbital  eigenvalue  energy  of  the  0^u  orbital 
as  calculated  for  the  particular  ground  state  wavefunction  employed. 

As  discussed  in  Section  II,  the  simplification  of  Eq  (15)  to  the 
form  of  Eq  (17)  requires  orthonormality  between  the  orbital  sets  used 
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to  construct  the  initial  and  final  electronic  states.  Since  the  MO  sets 

of  (SDL),  Ransil.and  Richardson  were  not  published  in  the  required 

orthogonal  form,  it  was  necessary  to  transform  certain  of  the  MO  sets  to 

23 

the  required  form.  This  was  performed  numerically  by  employing 

12 

the  unitary  transformation  of  King  et  al.  which  is  based  on  the  diagonal- 

ization  of  the  Hermitian  product  of  the  overlap  matrix  between  the 

ground  and  excited  MO  sets.  For  those  transitions  for  which  the  initial 

and  final  orbitals  were  tt  MO's  (W,  A  — X),  or  in  which  the  core  was  the 

1/2 

same  for  the  ground  and  excited  states  (D,  E— X),  only  the  factor 

had  to  be  calculated.  This  is  because  that  portion  of  the  overlap  matrix 

involving  the  initial  orbitals  for  these  transitions  is  already  diagonal. 

However,  for  the  wavefunctions  used  in  the  B,  C— X  transitions,  the 

transformation  of  MO's  themselves  was  also  important  because  the  initial 

orbitals  for  these  transitions  are  a  (or  a  )  symmetry  and  this  portion 

of  the  overlap  matrix  is  not  diagonal.  The  diagonalization  proceedure 

in  this  case  causes  the  (and  <7^)  orbitals  to  mix  among  themselves. 

The  coefficients  of  the  transformed  Ransil  (BL)  initial  orbitals  are  given 

in  Table  III  for  the  B— X  and  C— X  transitions.  Included  in  Table  Ill 

1 1 2 

are  the  appropriate  factors  used  in  the  calculation  of  the  transition 

amplitude  Eq  (17)  for  all  the  excitation  processes  discussed  here. 

Configuration  interaction  (Cl)  may  be  important  in  certain  of  the 

24 

excited  electronic  states  and  hence  a  single  Slater  determinant  may 

not  be  an  adequate  representation  of  the  true  state.  Of  the  excited  states 

3  + 

considered  in  this  work,  Cl  appears  to  be  most  important  for  the  A  £ 
state.  An  approximate  test  of  the  A  state  wavefunctions  to  determine 
the  importance  of  Cl  is  discussed  in  Section  V. 


u 
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IV.  NUMERICAL  TECHNIQUES 


Since  the  wavefunctions  used  to  describe  the  ground  and  excited 

states  were  given  only  at  R  (X  ),  the  R- centroid  concept  could  not 

eg 

be  used.  Thus  only  the  Franck- Condon  factors,  the  (v"  -  o,v')  energy 
separations  and  the  electronic  transition  arrplitudes  were  necessary  to 
determine  the  total  cross  sections. 

A.  Potential  Energy  Curves  and  FC  Factors 

The  potential  energy  curves  and  vibrational  level  spacings  used 

for  the  X  A^E+,  B  and  C  ^f|  electronic  states  were  those  deter- 
g  u*  “g  u 

mined  from  spectroscopic  constants  by  Benesch  et  al.  and  Gilmore 

from  which  the  v"  =  o,  v'  energy  separations  were  calculated.  Bei.esch 

27 

et  al.  have  reported  F  ranck- Condon  arrays  for  transitions  from  the 

X  state  to  all  v1  levels  of  importance  in  the  B  and  C  states.  However  it 

was  necessary  to  extend  the  •  published  arrays  for  the  A  — X  transition 

to  higher  v'-levels  even  though  the  extended  portion  of  the  array  may  be 

of  somewhat  lower  accuracy.  The  Franck- Condon  factors  for  these 

high  v'-levels  of  the  A  state  were  determined  by  using  spectroscopic 

2  5 

constants  to  determine  RKR  potential  energy  curves  for  the  X  and  A 

states  followed  by  numerical  integration  of  the  resulting  nuclear  wave- 

2  8 

functions  to  obtain  the  Franck- Condon  factors.  The  calculated  energy 

levels  and  Franck- Condon  factors  for  transitions  to  all  v’-levels  of  the 

A  state  from  v"  -  o  of  the  X  state  are  given  in  Table  IV.  The  Franck- 

Condon  factors  for  the  lower  v'-levels  are  seen  to  agree  well  with  those 

2  7 

reported  by  Benesch  et  al. 


TABLE  IV 


Excitation  energies  and  Franck-Condon  factor- 
for  the  t  ransition  A  (v'  =  o.  .  .  20)— X  ( v'  »o) 

as  calculated  from  the  spectroscopic  data  tab¬ 
ulated  by  Bene  si  h  et  al.^** 


V  ' 

AE{eV) 

c 

v' 

AE(eV) 

'  o 

0 

6.  169 

. 00098 

1  1 

7.  931 

. 07562 

l 

6.  546 

. 00521 

12 

8.  070 

. 06525 

2 

6.  521 

. 01482 

l  3 

8.  205 

. 05459 

3 

6.  691 

. 03008 

14 

8.  335 

. 04452 

4 

6.  859 

. 04863 

15 

8. 462 

. 03566 

5 

7.  023 

. 06722 

16 

8  585 

. 02806 

6 

7.  1  S3 

.08175 

17 

8.  704 

.02173 

7 

7.  340 

. 09145 

18 

8.  819 

.01659 

8 

7  493 

. 09457 

19 

8.  930 

.01249 

9 

7.  643 

. 09180 

20 

9.  036 

. 00927 

10 

7.  789 

. 08509 
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The  potential  energy  curves  for  the  W,  E,  and  D  electronic 


states  were  calculated  by  a  RKR  method  from  spectroscopic  constants 

determined  as  follows.  The  vibrational  constants  and  T  for  the  W  state 

e 

20 

have  recently  been  measured  by  Wu  and  Benesch.  The  rotational 

constants  used  for  the  W  state  were  taken  from  the  theoretical  work  of 

29 

Fraga  and  Ransil.  The  spectroscopic  constants  used  for  the  E  state 

24  2  "4*  30 

were  taken  from  Lofthus  and  ground  state  (X  T,  )  data.  For  the 

24  1  + 

D  state,  the  data  of  Lofthus  was  combined  with  that  for  the  p' 

3  1 

state.  The  spectroscopic  data  used  for  the  RKR  ground  state  was 

2  5 

that  given  by  Benesch  et  al..  The  spectroscopic  constants  used  in  the 
potential  energy  curve  calculations  on  the  W,  E,  and  D  states  are  sum¬ 
marized  in  Table  V. 

32 

Freund  has  recently  reported  measurements  on  the  radiation 
emitted  from  the  E  state  and  from  an  analysis  of  the  relative  intensities 
in  the  various  bands  he  estimated  the  R  and  B  values  for  this  state  to 


e  e 

be  1.  16  ±  0.  02  A  and  1.  77  ±  .  06  cm  *  respectively.  A  potential  energy 
curve  for  the  E  state  using  these  values  and  the  corresponding  Franck- 
Condon  factors  connecting  this  state  with  the  ground  electronic  state  were 
calculated  but  rejected  in  favor  of  those  obtained  from  the  constants  given 
in  Table  V.  The  latter  set  of  constants  was  determined  to  better  represent 
the  E  state  because  the  corresponding  Franck-Condon  factors  for  transitions 
from  v"  =  o  of  the  ground  state  agree  much  better  with  those  determined 
from  recent  energy  loss  spectra.  ^ 
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TABLE  V 


T  (cm  *) 
e 

59738.  00a 

95859.46° 

103652. 22  c 

(cm  *) 

e 

1539. 00a 

2185.00° 

2217.00* 

ui  x  (cm  *) 
e  e 

1 

I—* 

'sj 

• 

o 

o 

16. 136d 

19.  00e 

y  (cm  ) 
e7e 

-0. 04d 

Be(cm  *) 

1 . 546b 

1 . 9322d 

1. 961c 

a  (cm  *) 
e 

0. 01 163b 

0.0202d 

0.00002° 

Re(A) 

1.248a 

1. 1162d 

1.  108° 

Taken  from  ref.  20 
Taken  from  ref.  29 
Taken  from  ref.  24 
Taken  from  ref.  30 
Taken  from  ref.  31 
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The  Franck- Condon  factors  for  the  E— X  and  D— X  transitions 


were  calculated  in  the  same  manner  as  described  above  to  extend  the 
A— X  array.  The  excitation  energies  (eV)  and  Franck-Condon  factors 
for  transitions  from  v"  =  o  of  the  X  state  to  the  W,  E  and  D  states  are 
given  in  Table  VI  and  all  the  potential  energy  curves  are  shown  in  Fig.  1. 

B.  Evaluation  of  the  Multicenter  Terms 

When  Slater-type-orbitals  centered  on  the  nuclei  are  used  to 

represent  the  MO's,  single  center  and  multicenter  terms  appear  in  the 

11a 

evaluation  of  the  transition  amplitude  Eq  (17).  The  single  center  terms 

could  be  done  analytically  and  the  methods  used  to  evaluate  the  multicenter 

1  la  34 

terms  have  been  discussed  in  detail  elsewhere.  ’  To  facilitate  the 
averaging  over  orientations  of  the  diatomic  axis  with  respect  to  the 
incident  electron  beam,  the  atomic  orbitals  on  each  nucleus  were  expanded 
about  the  center  of  mass  of  the  diatomic  molecule  using  the  zeta  function 
expansion.  Multicenter  terms  composed  of  atomic  orbitals  of  principle 
quantum  number  nS2  could  be  evaluated  for  any  value  of  the  momentum 
transfer  q  and  internuclear  distance  R.  Since  the  numerical  methods  used 
to  evaluate  the  multicenter  terms  \  ere  not  able  to  treat  atomic  orbitals  of 
ni3,  not  all  the  multicenter  terms  appearing  in  the  scattering  amplitude 
describing  excitation  to  the  E  and  D  states  could  be  evaluated.  Therefore, 
in  order  to  be  consistent  in  calculating  the  E  and  D  state  trans..ion  ampli¬ 
tudes,  none  of  the  multicenter  terms  appearing  in  the  transition  amplitude 
for  excitation  of  the  E  and  D  states  were  evaluated.  Because  of  the  neglect 
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TABLE  VI 


Excitation  energies  and  Franck- Condon  factors  for  the 

W  3Au(v*  -  o . 12).  E  3E+  (v'  =0.1).  D3£f  (v'  =  0, 1  )-X  ‘e  (v"  =0) 

8  8 
transitions  in  as  calculated  from  potential  energy  curves 

obtained  using  the  spectroscopic  constants  in  Table  V.  For 

each  v'  level,  the  first  number  is  the  excitation  nergy  in  eV 

and  the  second  is  the  Franck-Condon  factor. 


v' 

w3au 

D 

u 

0 

7.  355 
.  0129 

11. 877 
.9278 

12. 841 
.9819 

1 

7.  542 
.  0522 

12. 139 
.0625 

13. 097 
.0176 

2 

7.  724 
.  1100 

7.  902 
.  1609 

4 

S.  076 
.  1620 

5 

8.246 
.  1666 

8.412 
.  1320 

1 

7 

8.  573 
.  0867 

1  8 

8.  730 
.0515 

r  " 

1  9 

I 

1 — 

8.  883 
.  0257 

1  !0 

9.  031 
.0108 

11 

9.  176 
.  0036 

j  12 

1 _ 

9.  316 
.  0009 

POTENTIAL  ENERGY  (eV) 


(  _ _ ^l^_n(v)j^\i(cou ) 


cMT/r  /“■ 

Tr  X  X< 


8X'^3'rB'3z;  // 

9  \Y-°\  lA  12 


W  “A, 


N(4s°)  +  Nrs°) 


l:5 


■X  'Ij 


INTERNUCLEAR  DISTANCE  (A) 


FIG.  1.  The  potential  energy  curves  for  the  ground  and  seven  loves 

triplet  states  of  N£  as  functions  of  the  internuclear  distune. 

3  3  -  + 

The  curves  for  the  W  and  D  were  calculated  as  outli 

-)  o 

in  Section  IV,  the  others  were  taken  from  Gilmore." 


of  these  multicenter  terms,  the  cross  sections  corresponding  to  these 
excitations  are  of  lower  accuracy  relative  to  the  calculated  cross  sections 
for  excitations  of  the  A,  B,  W,  and  C  electronic  states.  From  previous 
work  on  the  excitation  of  H^,  the  error  in  the  E-*-X,  D— X  cross 
sections  due  to  the  omission  of  the  multicenter  terms  is  not  believed  to 
exceed  60%. 

The  total  cross  sections  in  all  cases  were  obtained  by  Romberg 
integration  over  q  to  a  specified  accuracy  of  three  significant  figures. 
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V.  RESULTS 


In  these  calculations,  the  initial  vibrational  level  has  been  taken 
as  v"  -  o  in  all  cases.  Since  v"  ■  1  corresponds  to  an  excitation  tempera¬ 
ture  of  about  33 50°K,  this  choice  for  the  initial  vibrational  state  corre¬ 
sponds  to  the  situation  encountered  in  many  studies  of  processes  involving 

Because  of  the  generally  weak  dependence  of  k"  and  q  on  v',  only 

n’ 

the  total  excitation  cross  sections  (a  )  for  the  electronic  states  of  interest 

oo 

will  be  given  below.  Except  near  threshold,  the  cross  section  for  excitation 

n 1  v 1 

of  a  single  v'-level  (Oqq  )  can  be  obtained  with  reasonable  accuracy  from 
n ! 

the  <jqo  given  below  by  multiplication  with  the  appropriate  Franck- Condon 
factor. 

n 1 

In  Fig.  2  are  shown  the  total  cross  sections  (a  )  for  excitation 
°  oo 

1  + 

of  the  A,  B,  W,  C,  E  and  D  triplet  states  of  from  X  £  (v"  =  o). 

2  g 

These  total  cross  sections  all  exhibit  the  steep  rise  to  a  maximum  near 

threshold  followed  by  the  rapid  k  £  fall-off  characteristic  of  pure  exchange 

excitation  except  that  for  the  W  state.  The  total  cross  section  for  excitation 
3  -  1  + 

of  the  B1  £  state  from  X  £  is  identically  zero  in  the  model  used  here  to 
u  g  1 

35 

describe  the  scattering  process  and  consequently  doesn't  appear  in 
Fig.  2. 

No  experimental  determination  of  the  W— - X  excitation  cross  section 

has  been  reported.  Peaks  corresponding  to  excitation  of  the  W  state 

will  not  easily  be  seen  in  conventional  electron  impact  spectra  because 

the  W  state  vibrational  levels  are  nearly  degenerate  in  energy  with  v'-levels 
3  3  + 

of  the  B  n  and  A  £  states  / see  Fig.  1)  whose  cross  sections  are  five  to 
g  u  6 
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FIG.  2.  Total  crrss  sections  (ir^),  as  defined  by  eq  (24),  for  excitation 

of  the  seven  lowest  triplet  electronic  states  of  from  v"  =  0 

of  the  ground  state  as  a  function  of  the  incident  election  energy. 

3  . 

The  cross  section  for  excitation  of  the  B1  Z  state  is  zero  in 

u 

this  model  and  hence  does  not  appear  in  the  figure.  The  cross 

3  +  3 

sections  for  excitation  of  the  A  Z  and  C  II  states  shown 

u  u 

here  have  been  reduced  by  the  factors  3.  5  and  2.  0  respectively. 
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ten  times  larger  than  that  for  the  W  state  at  all  incident  electron  energies. 

However,  knowledge  of  the  W— X  total  cross  section  is  useful  in  the  analysis 

3 

of  radiation  from  electron  impact  excited  N^.  That  is  ,  since  W  ■ 

3 

B  II  is  dipole  allowed  and  the  W  state  excitation  cross  section  is  fairly 
S 

large  and  broad  in  shape,  the  W-*-B  radiation  (in  the  3.  6-*-5.  3^  region) 
should  be  relatively  strong  in  processes  such  as  the  aurora.  A  detailed 
analysis  of  the  effect  of  the  W-*B  transitions  in  the  population  of  the 
A  and  B  states  under  auroral  conditions  is  the  subject  of  a  future  publica¬ 
tion. 


In  the  following  sections  a  comparison  of  these  theoretical 
cross  sections  is  made  with  the  limited  amount  of  experimental  data 
and  other  theoretical  calculations  available  for  these  processes.  An 
argument  based  on  a  comparison  of  a  theoretical  and  a  experimental  energy 
loss  spectrum  is  given  to  indicate  that  these  calculated  cross  sections 
comprise  a  consistent  set  for  the  description  of  the  excitation  of  the  lowest 
seven  triplet  states  of 


3  1  + 

a.  c  n  — x  s 

»  g 


The  excitation  processes  of  the  C  n  state  have  been  the  most 

extensively  studied  of  any  excited  state  of  the  triplet  system.  This 

can  be  attributed  to  (a)  the  fact  that  the  radiation  in  the  Second  Positive 
3  3 

system  (C  n  — B  n  )  is  in  a  region  of  the  electromagnetic  spectrum  which 

g 

is  easily  measured  and;  (b)  there  is  little  or  no  cascade  population  of  the 
C  state  from  higher  electronic  states  and  therefore  when  electrons  of 
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known  energy  are  passed  through  gas  the  resulting  radiation  in  the 
second  positive  system  can  be  used  to  estimate  the  corresponding  C  state 
excitation  cross  section.  The  technique  which  is  usually  employed  is  one 
of  calibrating  the  photon  detection  system  against  a  standard  lamp  and/or 
some  other  radiation  from  electron  impact  excited  for  which  the  cross 
section  is  assumed  known  (such  as  the  3914  A  band  from  N^).  However, 
there  are  a  good  many  experimental  difficulties  in  determining  the  excita¬ 
tion  cross  sections  from  optical  data  and,  as  will  be  discussed  below, 
the  cross  sections  obtained  by  different  investigators  using  essentially 
the  same  technique  are  not  in  accord  with  each  other. 

The  results  to  which  the  theoretical  C  \lu  excitation  cross  section 

36  3  7  3l 

can  be  compared  are  those  of  Jobe,  Sharpton  and  St.  John  (JSSJ); 

Burns,  Simpson  and  McConkey  ( BSM);^^^Skubenich  and  Zapesochny  (SZ)^C 
37d 

and  Legler(L).  These  investigators  used  the  intensity  of  the  Second 

Positive  system  for  known  incident  electron  energy  as  a  measure  of  the 

excitation  cross  section.  There  is  also  a  determination  of  this  cross 

38 

section  by  Engelhardt  et  al.  based  on  an  analysis  of  electron  transport 

coefficient  data. 

Figure  3  shows  the  comparison  between  the  calculated  total 

excitation  cross  section,  the  experimentally  determined  values  for  the 

39 

cross  section,  and  the  semi-empirical  results  of  Bauer  and  Bartky  (BB) 

40 

and  Stolarski  et  al.  (SDWG).  (For  purposes  of  clarity  the  experimental 
results  of  (BSM)  and(SZ),  respectively  15%  and  a  factor  of  2  smaller  than  the 
(JSSJ)  curve  at  15  eV,  are  not  shown  in  Fig.  3).  From  the  figure  one  notes 
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FIG. 


3.  Total  cross  section  for  excitation  of  the  C  n  state  from 

u 


.1  „  + 


X  £  (v"  =  0)  as  a  function  of  the  incident  electron  energy. 

8 


The  present  results  are  labeled  OR-T  and  the  other  cross 


sections  are  Engelhardt  et  al.  (EPR)^;  Legler  (L)^^;  Jobe 


37a  39 

et  al.  (JSSJ)  ;  Bauer  and  Bartky  (BB)  ;  and  Stolarski  et  al. 


(SDWG)^.  The  experimental  cross  sections  of  Burns  et  al. 


37c 


and  Skubenich  and  Zapesochny  have  been  omitted  for  clarity 

but  are  discussed  in  the  text.  The  vertical  bar  drawn  on  the 

(L)  and  (JSSJ)  curves  represent  the  quoted  experimental  uncertainty 
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that  the  maximum  of  the  excitation  cross  section  determined  in  the  various 
experiments  falls  into  one  of  two  groups  for  which  the  quoted  error  bars 
don't  overlap.  The  maximum  value  as  determined  by  (EPR)  and  by  (L), 
is  greater  than  1.  Ona^  and  in  good  agreement  with  the  calculated  cross 
section.  The  more  recent  experimental  determinations  of  the  cross 
section  by  (SZ),  (BSM)  and  (JSST)  are  a  factor  of  two  or  more  smaller 
and  have  maxima  less  tha.i  0.6wa^.  However,  there  is  disagreement 
within  this  latter  group  of  experimental  data  in  that  the  (SZ)  cross  section 
(not  shown  in  Fig.  3)  is  about  a  factor  of  two  smaller  at  maximum  than  that 
obtained  by  (JSSJ)  and  (BSM)  although  the  same  experimental  technique 
was  employed.  This  discrepancy  coupled  with  the  fact  that  the  cross 
section  determination  by  Legler  was  also  based  on  photon  collection  of 
the  second  positive  bands  makes  a  meaningful  comparison  between 
theory  and  experiment  difficult. 

Approximations  which  could  lead  to  a  theoretical  total  cross 
section  which  is  too  large  are  the  relatively  simple  wave  function  representa¬ 
tions  used  to  describe  the  ground  and  excited  states  (sec  Section  V  -  F) 
and/or  the  scattering  model  used  to  describe  the  excitation  process. 

However,  previous  calculations  involving  similar  processes  in  H,  He 
and  H^  employing  comparably  accurate  wavefunctions  and  the  same  scatter¬ 
ing  model  have  generally  been  in  good  agreement  with  the  corresponding 
experimental  measurements.  Apparently  all  that  can  be  concluded  from 
the  above  comparison  is  that  the  theoretical  excitation  cross  section  for 


-38- 


3 

the  C  Hu  state  shown  in  Fig.  3  is  probably  larger  than  the  true  cross 
section  but  most  likely  accurate  to  within  a  factor  of  two.  The  resolu¬ 
tion  of  the  differences  between  the  various  experimental  determinations 
must  await  the  results  of  further  experimental  work  or  a  more  elaborate 
theoretical  study. 

3  1  + 

B.  B  n  -X  S 
g  g 

There  have  been  no  published  measurements  of  the  absolute 

3 

cross  section  for  excitation  of  the  v1  -  levels  of  the  B  fl  state 

g 

3  +  3 

which  do  not  include  cascade  contributions  from  the  AD,  W  A  , 

u  u 

3  3  3  + 

C  n  .  C'  n  and  D  D  electronic  states.  This  is  because  the  experi- 
u’  u  u  r 

mental  method  usually  employed  is  the  optical  technique  similar  to 

3 

that  lsed  to  determine  the  C  riu  cross  section.  However,  the  cascade 
contributions  to  the  measured  B- state  cross  section  cannot  be 
accounted  for  without  knowledge  of  the  excitation  cross  sections  for  the 
A,  W,  C,  C'  and  D  electronic  states  and  their  transition  probabilities 
to  the  B  state.  The  cross  section  for  excitation  of  the  C  state  has  been 

discussed  in  the  preceeding  section  but  with  the  exception  of  the  First 

3  3+  33 

Positive  (B  n  -*A  D  )  and  Second  Positive  (C  II  —  B  n  )  transition 
g  u  u  g 

probabilities,  the  necessary  quantities  have  not  been  reported.  As 
a  consequence,  only  a  qualitative  comparison  with  experiment  will  be 
made  at  this  time. 
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of  cascade  contributions,  the  following  comparison  can  be  made  with  »he 

calculated  cross  section.  The  first  peak  in  the  "apparent"  cross 

sections  for  excitation  of  the  lower  (v'45)  v'-levels  of  the  B  state  has 

been  interpreted  by  (MS)  as  being  due  to  direct  excitation  of  th'ise 

v'-levels  from  the  ground  electronic  state  and  the  second  peak  (at 

about  15  eV)  as  due  to  cascading  from  the  C  state.  However 

3  + 

preliminary  calculations  using  a  reasonable  value  for  the  A  Eu  state 

excitation  cross  section  (see  Section  V-C)  and  the  known  transition 

42 

moment  for  the  First  Positive  system  indicate  that  the  first  peak  at 
10  eV  in  the  "apparent"  excitation  cross  section  may  be  due  to  cascade 
from  the  higher  vibrational  levels  of  the  A  state  to  the  particular 
v'- level  of  intere  t  in  the  B  state  rather  than  direct  excitation  from  the 
ground  state.  This  results  from  the  fact  that  the  A  state  excitation  cross 
section  has  its  maximum  near  10  eV  incident  energy,  and  has  Franck- 
Condon  factors  such  that  its  higher  vibrational  levels  (v'£l2)  are 
appreciably  populated  by  direct  excitatior  from  the  ground  state  (see 
Table  IV).  Since  the  second  peak  in  the  measured  cross  section  (at 
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1 


FIG.  4  ,  Total  cross  section  tor  excitation  of  the  B  n  (v1  -  0  ,  .  .  .  ,  16) 

o 

state  from  (v"  =  0)  as  a  function  of  incident  electron 

g 


energy.  (The  present  results  are  labeled  OR-T  and  the  other 

4  1s. 

cross  sections  are  Stanton  and  St.  John  (SST);  Skubenich 

37c  40 

and  Zapesochny  (SZ);  and  Stolarski,  et  al.  (SDWG).  The 

4  lb 

apparent  cross  section  measured  by  McConkey  and  Simpson 
agrees  well  with  the  (SSJ)  results  and  is  not  shown.  The  vertical 
bar  on  the  (SSJ)  curve  represents  the  425%  uncertainty  in  the 
measured  "apparent"  excitation  section  estimated  by  (MS)  for 
the  case  of  the  strongest  first  positive  bands.  The  cross  sections 
reported  by  (SSJ),  (SZ),  and  (MS)  are  "apparent"  cross  sections, 
containing  cascade  effects,  and  therefore  represent  experimental 
upper  bounds  on  the  true  excitation  cross  section.) 
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about  15  cV)  is  probably  due  in  part  to  cascade  from  the  C  state,  the 

maximum  of  the  "true"  B  state  excitation  cross  section  most  likely 

occurs  near  the  feature  observed  by  (MS)  for  incident  energies  between 

15  and  16.  5  eV.  Similar  calculations  using  the  theoretical  cross  section 

for  excitation  of  the  W  state  shown  in  Fig.  2  and  a  theoretical  transi- 

u 

t ion  moment  calculated  by  the  author  indicate  that  the  shoulder  at  about 

50  eV  incident  energy  observed  by  (SSJ)  and  (MS)  is  due  to  the  W  state 

cascading  into  the  B  states.  The  details  of  these  calculations  will 

be  reported  in  a  subsequent  publication. 

With  the  cascade  effects  in  mind,  the  comparison  in  Fig.  4 

indicates  that  the  calculated  cross  section  will  agree  reasonably  well 

with  the  "true"  B  state  excitation  cross  section  although  the  theoretical 

curve  may  peak  at  slightly  too  large  an  ini  ident  energy  and  be  somewhat 

too  broad.  The  cause  ot  the  discrepancy  in  the  relative  magnitudes 

of  the  first  two  peaks  in  the  measured  "apparent"  excitation  function 

of  the  B  state  as  determined  by  (SSJ)  and  (MS)  and  that  observed  by  (SZ) 

may  be  due  to  the  fact  that  (SZ)  used  an  extrapolation  method  to  obtain 

the  "apparent"  cross  section  of  the  entire  B  state  from  the  cross  section 

for  excitation  of  a  few  specific  v'-levels  of  the  B  state.  Included  in 

Fig.  4  for  purpose.,  of  comparison  is  the  semi- empirical  cross  section 

40 

estimated  by  Stolarska  et  al.  based  on  relative  cross  section  data  obtained 
4  3 

by  Schulz  using  the  trapped  electron  method. 
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c.  a3z+—  X  ^ 
u  g 


To  date  there  have  been  no  published  measurements  of  the  absolute 

3  + 

cross  section  for  excitation  of  the  A  2^  state.  The  long  lifetime  of 

the  A  state  together  with  the  fact  that  the  emissions  from  the  A  state 
3  +  14 

(A  Z  — -X  Z  ;  Vegard- Kaplan  bands)  are  in  the  UV  makes  the  determi- 

g 

nation  of  the  cross  section  by  optical  methods  difficult.  In  Fig.  5  the 

theoretical  cross  section  for  excitation  of  the  A  state  is  compared  with 

39 

the  semi-classical  crosB  section  of  Bauer  and  Bartky  (BB),  and  the 

40 

semi-empirical  estimate  of  Stolarski  et  al.  (SDWG).  The  cross 

38 

section  deduced  by  Engelhardt  et  al.  from  the  trapped  electron 

43 

experiments  of  Schulz  is  not  included  in  Fig.  5  because  the  cross 
section  measured  by  Schulz  in  the  energy  region  6-9  eV  contained 
contributions  from  the  excitation  of  the  A,  B  and  W  states.  One 
notes  from  the  figure  that  the  A  state  excitation  cross  section  reported 
here  is  considerably  larger  than  previously  believed. 

There  are  some  recent  energy  loss  spectra  to  which  these  calcu¬ 
lations  can  be  compared  to  determine  if  the  theoretical  A  state  cross 
section  is  of  the  correct  magnitude  relative  to  that  of  the  B  and  C 
states.  This  comparison,  which  is  discussed  in  more  detail  in 
Section  IV-E,  indicates  that  the  calculated  A,  B  and  C  state  cross 
sections  are  of  the  correct  relative  magnitudes  at  35  eV  and  that  the 
A  state  cross  section  may  well  be  the  largest  of  the  triplet  excitation 
cross  sections  in  the  energy  range  below  35  eV.  The  cross  section  obtain- 
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ed  in  the  OR  approximation  is  much  larger  than  that  predicted  by  (SDWG) 

and  (BB)  not  only  for  the  A  state  but  also  for  the  B  and  C  states.  Because 

of  the  good  agreement  between  the  calculated  and  measured  B  state  cross 

section,  the  A  state  cross  section  reported  here  is  probably  the  most 

reliable  estimate  presently  available. 

The  approximate  wave  functions  used  for  the  A  state  were  examined 

to  determine  if  they  are  a  particularly  poor  representation  of  the  A  state. 

3  + 

As  mentioned  in  Section  III,  the  A  Z  state  is  not  a  pure  state  but  contains 

u  r 

a  mixture  of  other  configurations  {mainly  ^Z  and*n)  due  to  the  electron  spin- 
44 

orbit  interaction.  This  is  evidenced  by  the  fact  that  the  radiation  in  the 

Vegard-Kaplan  bands  is  electric  dipole  in  character  even  though  the  transi- 

45 

tion  is  spin  forbidden.  Therefore,  to  properly  describe  the  excitation  of 

the  A  state,  it  may  be  necessary  to  include  the  mixing-in  of  the  other 

configurations  in  the  A  state  wavefuncti~n.  The  modification  of  the 

available  wavefunctions  to  include  such  configuration  interaction  was 

beyond  the  scope  of  this  work  so  the  effect  of  the  configuration  mixing  was 

2 

estimated  as  follows.  The  square  of  the  transition  moment  (Dg^)  for 

3  3  + 

the  firtt  positive  system  (B  rig— A  Z^)  was  calculated  at  an  R-centroid 
value  of  R  =  1. 0941  A  using  the  (SDL)  wav-  functions  and  compared  with 
the  measurements  of  Jeunehomme^a  and  Turner  and  Nicholls.  If 


the  B  state  wavefunction  employed  is  assumed  to  be  "pure",  which  appears 

24 

valid  for  the  B  state  v'  -  levels  of  importance  here,  then  any  discrepancy 


between  the  calculated  and  observed  (D 


could  be  attributed  to  the  inade¬ 


quacy  of  the  single  configuration  A  state  wavefunction.  However,  the 
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calculated  transition  moment  differed  from  the  experimental  value  by  less 
than  30%  and  therefore  no  correction  based  on  this  comparison  was  believed 
to  be  justified 

The  effect  on  the  cross  section  of  improving  the  wavefunctions  was 
also  determined  in  the  case  of  the  A  state  excitation  by  calculating  the 

17 

excitation  cross  section  using  the  (SDL)  X  and  A  state  wavefunction  pair. 

The  cross  section  obtained  using  the  (SDL)  wavefunctions  was  found  to  be 
only  18%  larger  than  that  obtained  with  the  Richardson  wavefunctions.  Thus 
for  the  A— -X  excitation,  this  significant  improvement  in  the  set  of  wavefunc¬ 
tion  used  Hoes  not  produce  a  significant  change  in  the  excitation  cross  section. 


_  „  3  +  n3_+  „1„+ 

D-  E  V  D  Su  X  Eg 


There  have  been  no  absolute  experimental  or  theoretical  determina¬ 
tions  of  the  cross  section  for  excitation  of  the  E  state  and  only  two 
experimental  estimates  reported  for  the  D  32*  excitation  cross  section. 

Clampitt  and  Newton  have  reported4^  detection  of  the  E 
state  in  a  crossed  electron  -N2  beams  experiment  but  gave  no  quantita¬ 
tive  estimate  as  to  the  magnitude  or  energy  dependence  of  the  excitation 

32 

cross  section.  Freund  (F)  has  given  a  relative  "excitation  function" 
for  the  excitation  of  the  E  state  over  the  energy  range  from  threshold  to 
23  eV  based  on  measurements  of  the  delayed  emission  spectra  observed 
from  a  beam  of  excited  N2  molecules.  Figure  6  is  a  comparison  between 
the  theoretical  E3^  excitation  cross  section,  calculated  without  the 
multicenter  terms  (see  Section  IV- B),  and  the  "excitation  function" 
measured  by  Freund.  The  latter  has  been  normalized  to  the  theoretical 
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curve  at  its  maximum.  Ehrhardt  and  Willmann  (EW)  have  also  reported 

a  relative  cross  section  for  excitation  of  the  E  state  for  incident  electron 

energies  from  11  to  17  eV,  based  on  the  collection  of  those  electrons 

which  had  lost  11.87  eV  energy  and  been  scattered  into  an  angle  of  20° 

or  less.  An  energy  loss  of  1  1.  87  eV  corresponds  to  excitation  of  v,-o  of 

E 

the  E  state  which  is  about  93%  of  the  complete  cross  section  a  (see 

oo 

Table  VI).  The  (EW)  cross  section  is  quite  narrow,  with  a  full  width  at 
half  maximum  of  less  than  0.  5  eV,  and  for  that  reason  it  is  not  shown  in 
Fig.  6.  The  theoretical  cross  section  is  seen  to  be  considerably  broader 
than  both  the  (F)  and  (EW)  cross  sections.  This  disagreement  between 
the  calculated  and  measured  shape  of  the  E  state  cross  section  is  not 
expected  to  be  removed  by  the  inclusion  of  the  multicenter  terms  in 
the  theoretical  cross  section.  The  extreme  narrowness  of  the  measured 
E  state  excitation  cross  section  relative  to  the  cross  sections  for 
excitation  of  the  other  nitrogen  triplet  states  implies  that  the  E  state 
may  be  excited  by  a  resonant  type  process  rather  than  the  simple 
exchange  process  used  in  these  calculations. 

3  7" 

Skubenich  and  Zapesochny  (SZ)  have  reported  an  "apparent" 
excitation  cross  section  for  the  D  and  McConkey  and  Simpson^  ^(MS) 
have  estimated  the  maximum  in  the  D  state  cross  section  by  assuming 
certain  cascade  contributions  to  the  "apparent"  cross  section  which  they 

measure  for  the  B  ^11  state.  These  experimental  values  are  shown 

g 

along  with  the  theoretical  excitation  cross  section  for  the  D  ^  state 
in  Fig.  7.  As  expected,  because  the  multicenter  terms  were  not 
included  in  the  evaluation  of  the  D  state  transition  amplitude,  the  cal- 
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FIG.  6  Total  cross  section  for  excitation  of  the  (v'  =0,  1)  state 

frori  XlZ^  (v"  -  0)  as  a  function  of  incident  electron  energy. 
The  present  results  are  labeled  OR-T  and  the  relative  cross 
section  measured  by  Freund^  (F)  has  been  normalized  to  the 


theoretical  i  urve  at  its  maximum.  See  the  text  for  a  discussion 

47 

of  the  cross  section  measured  by  Ehrhardt  and  Willmann. 


TOTAL  CROSS  SFCT.D.*; 


ENERGY  OF  INCIDENT  ELECTRON  (eV) 


FIG.  7  Total  cross  section  for  excitation  of  the  D  Z  (v1  -  0.  1)  state 

u 

from  (v"  =  0)  as  a  function  of  incident  electron  energy. 

The  present  results  are  labeled  OR-T  and  the  experimental 

41b 

results  of  McConkey  and  Simpson  and  Skubenich  and 


Zapesochny  are  labeled  MS  and  SZ  respectively. 


culated  cross  section  is  lirger  than  the  experimental  values.  Previous 
experience  with  the  effect  of  the  multicenter  terms  for  a  E*  to  £+  transi- 
tion  indicates  that  omission  of  these  terms  from  the  scattering  amplitude 
results  in  a  cross  section  which  is  too  large  by  about  a  factor  of  two. 
When  the  multicenter  terms  are  included  in  the  calculation  of  the  D  state 
transition  amplitude,  the  resulting  cross  section  is  expected  to  agree 
well  with  the  estimate  of  (MS)  but  perhaps  still  be  slightly  larger  than 
the  (SZ)  r<'bult. 

E.  The  Relative  Magnitudes  of  the  Triplet 
Excitation  Cross  Sections 

The  experimental  determination  of  the  magnitude  of  the  total 

3  + 

cross  section  for  excitation  of  the  A  £u  state  has  a  large  uncertainty  and 
3  3  + 

that  for  the  W  A  and  E  £  states  has  not  yet  been  made.  In  this 
u  g 

section  a  comparison  is  made  between  a  calculated  energy-loss  spectra, 
based  on  the  theoretical  differential  cross  sections,  and  recent  experi¬ 
mental  energy-loss  spectra.  The  purpose  of  this  comparison  is  to 
show  that  the  relative  magnitudes  of  the  theoretical  cross  sections, 
particularly  those  for  the  A,  B,  and  C  states,  are  consistent  with 
tho6e  determined  •  .  ae rimentally  and  therefore  reliable  within  the  accuracy 
provided  by  this  comparison. 

The  energy-loss  spectrum  chosen  for  this  comparison  is  that 
48 

obtained  by  Rice  for  an  incident  electron  energy  of  35  eV.  Since 
the  objective  of  this  comparison  is  to  show  that  the  calculated  total 
cros:  sections  for  excitation  of  the  A,  B,  W  and  C  electronic  states 
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are  of  the  correct  relative  magnitudes,  the  comparison  with  experimental 
energy-loss  spectra  is  made  for  a  scattering  angle  (6)  as  close  as 
possible  to  90°.  There  are  two  other  reasons  for  making  this  compari¬ 
son  at  large  scattering  angles.  The  first  is  that  for  small  scattering 
angles  the  differential  cross  sections  for  singlet- singlet  transitions  are 
larger  than  those  for  singlet-triplet  transitions  by  an  order  of  magnitude 
or  more.  As  a  result,  it  is  difficult  to  resolve  the  singlet- triplet  pro¬ 
cesses  at  small  scattering  angles.  On  the  other  hand,  at  larger  scattering 
angles  (6  £  60°)  the  singlet-triplet  transitions  have  magnitudes  compar¬ 
able  to  or  larger  than  the  singlet- singlet  ones  and  therefore  more 
easily  studied.  The  second  reason  is  that  the  (OR)  scattering  approxima¬ 
tion  is  usually  more  reliable  for  scattering  angles  greater  than  40° 

than  it  is  in  the  range  0-40°,  the  actual  range  of  validity  depend- 

11b  49 

ing  on  the  nature  of  the  scatterer.  ’  The  choice  of  35  eV 
incident  energy,  calculated  from  the  theoretical  differential  cross 

50 

sections  assuming  a  resolution  of  0.080  eV,  is  shown  in  Fig.  8a 

4  8 

and  is  to  be  compared  with  the  experimental  spectrum  shown  in  Fig.  8b. 

In  the  experimental  spectrum,  for  energy  loss  above  8.  5  eV,  peaks 
corresponding  to  excitation  of  the  v'- levels  of  the  a  *[1  singlet  state 
appear.  Since  only  triplet  excited  states  were  treated  in  the  calculations 
reported  here,  the  corresponding  peaks  are  absent  in  the  synthetic 
spectrum.  The  energy  loss  region  from  7.35  to  9.0  eV  is  composed 
of  overlapping  peaks  due  to  excitation  of  the  A(v'  >  7),  B,  and  W  state 
vibrational  levels  and  the  experimental  resolution  was  not  sufficient 
to  resolve  the  individual  excitation  processes.  Since  the  experimental 
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FIG.  8a  Synthetic  energy  loss  spectrum  based  on  the  theoretical 

differential  cross  sections  for  excitation  of  the  lowest  seven 
triplet  states  as  calculated  by  the  methods  described  in  the 

text.  The  incident  energy  was  taken  as  35  eV,  the  scattering 

o  50 

angle  is  80  and  the  resolution  assumed  to  be  0.080  eV.  Note 

that  no  peaks  corresponding  to  excitation  of  the  singlet  states 

appear  in  the  spectrum  since  these  states  were  not  included 

in  the  calculations.  The  energy-loss  locations  and  Franck- 

Condon  factors  of  the  various  vibrational  levels  of  the  A,  B  and 

W  states  are  indicated  by  the  vertical  lines  in  the  figure.  All 

the  Franck-Condon  factors  are  relative  to  that  for  v'  =  2  of  the 

B- state  and  the  dots  represent  v'-levels  whose  Franck-Condon 


factors  are  zero  on  this  scale. 


Intensity  (counts/mi 
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spectrum  is  relative,  the  peaks  in  this  region  of  the  spectrum,  some 
corresponding  to  the  overlap  of  two  or  more  v'-levels,  should  be  com- 
pa  red  to  a  standa  rd  peak.  The  C  ^riu  (v1  -  o,  J )  peaks  at  1 1 . 03  and  11.28 
eV  energy  loss  are  the  logical  choices  for  reference  peaks  since  they 
are  the  best  resolved  in  the  experimental  spectrum.  The  essence  of 
this  comparison  between  theory  and  experiment  is  that  for  the  synthetic 
spectra,  the  series  of  peaks  between  6.6  and  8.5  eV  energy  loss  have 
magnitudes  relative  to  the  v'^o  and  v'^1  peaks  of  the  C  state  which  agree 
well  with  corresponding  magnitudes  in  the  measured  spectrum  when  the 
background  is  subtracted  from  the  latter. 

From  this  comparison  between  the  synthetic  and  measured  spectra, 
the  following  points  should  be  emphasized. 

1)  Due  to  the  Franck- Condon  factors  for  excitation  from  the 
ground  state,  many  more  levels  of  the  A  state  are  excited  with 

approximately  equal  intensity  than  in  the  B  or  W  states.  Conse¬ 
quently,  the  low  peaks  corresponding  to  excitation  of  the  A  state  for 

energy  loss  £  7.  34  eV  actually  result  in  a  total  cross  section 

A 

(summed  over  v'-levels;  <7qo)  which  is  comparable  to  that  for  the 
B  state  at  35  eV  (see  Fig.  2). 

2)  By  varying  the  magnitude  of  the  A  state  cross  section,  it 
was  found  that  a  change  of  about  ±50%  in  the  value  of  the  theore¬ 
tical  A  state  differential  cross  section  at  35  eV  results  in  poorer 
agreement  between  the  calculated  and  measured  spectrum.  Con- 
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sequently,  as  fuming  that  the  (OR)  scattering  model  properly 
predicts  the  differential  cross  sections  at  35  eV  and  80°,  this 
comparison  implies  that  the  total  cross  sections  for  excitation  of 

the  A  state  is  significantly  larger  than  the  estimates  of  Bauer  and 

39  40 

Bartky  and  of  Stolarski  et  al. 

3)  The  cross  sections  for  excitation  of  the  vibrational  levels  of 
the  W  state  are  from  5  to  10  times  smaller  than  those  for  the  A 
and  B  states  for  an  incident  energy  of  35  eV.  Consequently  the 
effect  of  excitation  of  the  W  state  is  indiscernible  in  the  calculated 
and  measured  energy-loss  spectra  at  a  resolution  of  0.  080  eV. 

By  varying  the  resolution  used  in  the  synthetic  spectrum,  it  is 
estimated  that  a  resolution  of  0.  045  eV  or  better  at  large  scattering 
angles  will  be  necessary  to  resolve  the  least  blended  peak  corres¬ 
ponding  to  excitation  of  the  W  state.  In  any  case,  based  on  the 
comparison  with  experiment  of  the  other  calculated  cross  sections, 
the  theoretical  W  state  excitation  cross  section  ;s  believed  to  be 
accurate  to  about  a  factor  of  two. 

Although  this  argument  is  not  as  quantitative  as  one  would  like, 
the  general  agreement  between  the  synthetic  and  measured  energy  loss 
spectrum  indicates  that,  at  least  at  3  5  eV,  the  calculated  set  of  total 
cross  sections  displayed  in  Fig.  2  comprise  a  consistent  set  of  excitation 
cross  sections. 
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F.  The  Effect  of  Approximate  Wavefunctions 

As  mentioned  in  Section  ILI,  there  are  a  variety  of  ground  state 

wavefuncMons  available  for  the  description  of  the  nitrogen  molecule 

1  8 

ranging  in  complexity  from  the  minimum  basis  set  Scherr  wavefunction 
to  the  Hartree-Fock  SCF-MO  calculations  ol  Nesbet  and  of  Cade  et  al.  ^ 
The  characteristics  of  the  electron  charge  distribution  and  of  the  indivi¬ 
dual  MO' s  themselves  has  been  shown  by  Smith  and  Richardson^ *  (SR)  to 
be  sensitive  to  the  degree  of  approximation  usee  in  constructing  the 

wdvetunctiun.  In  the  case  of  the  2 a  MO,  the  initial  state  MO  involved 

u 

3  51 

in  the  *  x <.  itation  of  the  C  state,  the  hybridization  and  spatial 

extent  were  found  to  vary  considerably  from  one  approximation  to  the 

1  !a 

other.  It  has  been  shown  earlier  that  the  OR  cross  section  may, 
for  certain  symmetry  combinations  of  ground  and  excited  states,  be 
sensitive  to  the  quality  of  the  wavefunctions  employed  as  measured  by 
the  spatial  electron  distribution  it  predicts.  Consequently  the  B  and  C 
state  excitation  cross  sections  were  calculated  witn  the  (SDL)  excited 
stale  wavefunctions  and  with  the  ground  state  wavefunction  of  (SDL)  and 
of  Ransil  in  an  effort  to  determine  the  effect  on  the  calculated  cross 
section  of  an  m,  ■  ovement  in  the  ground  state  wavefunction.  Use  of  the 
Ransil  rather  than  the  (SDL)  ground  state  wavefunction  (with  the 
appropriate  transformations  to  allow  use  of  the  Slater-Condon  rule) 
resulted  in  a  20%  reduc  tion  in  the  maximum  of  the  B  state  cross  section 
and  a  5%  increase  in  that  for  the  C  state.  Tins  indicates  that  the  cross 
section  calculated  with  the  different  wavefunctions  is  not  as  sensitive 
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to  the  "quality"  of  the  MO',  a.  are  other  property,  .uch  a.  hybridization. 
Coupled  with  the  comp.ri.on  between  the  (SDL)  and  Richardson  ground  ..ate 
wavefunction.  made  in  Section  V-C  for  excitation  of  the  A  V  Mate  it 
can  be  concluded  that  although  the  theoretical  croa.  eection.  are  .omewhat 
.enaitive  to  the  quality  of  the  wavefunction.  uaed.  the  magnitude  and  direc¬ 
tion  of  the  effect  doe.  not  appear  eaaily  predictable. 
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VI.  CONCLUSIONS 


A  consistent  set  of  total  exchange  excitation  cross  sections  have 

been  calculated  for  excitation  of  the  A  ^E+.  B  ,  W  ,  B|3E~,  C  3n  , 

u  g  u  u  u 

3  +  3  + 

E  Eg  and  D  E^  triplet  electronic  states  of  molecular  nitrogen  from  the 

grcund  X  (v,,  =  o)  state.  The  calculated  total  cross  section  for  excita- 
3 

tion  of  the  B  n  state  is  expected  to  agree  well  with  the  available  experi- 

8 

mental  data  when  the  cascade  effects  from  the  higher  electronic  states 
to  the  measured  B  state  cross  section  are  removed.  The  theoretical 
c.'oss  section  for  excitation  of  the  C  state  is  found  to  agree  well  with 
one  group  of  measurements  but  is  a  factor  of  2  larger  than  another  group 
of  results.  Unfortunately,  the  peculiarities  found  in  the  MO  of 
the  various  approximate  ground  state  wavefunctions  means  that  the  agree¬ 
ment  between  the  theoretical  C  state  excitation  cross  section  and  the 

larger  experimental  cross  section  value  may  be  fortuitous.  When  the 

3  + 

multicenter  terms  are  included  in  the  calculation  of  the  D  E  excitation 

u 

cross  section,  the  theoretical  results  are  expected  to  agree  well  with  the 
recent  experimental  estimates  of  the  cross  section.  A  comparison  between 
a  synthetic  energy  loss  spectrum  calculated  from  theoretical  differential 
cross  sections  and  the  available  experimental  spectra  at  35  eV  and  a 
scattering  angle  of  80°  indicates  that  the  relative  magnitudes  of  the 
total  cross  sections  are  consistent  among  themselves  and  with  the  experi¬ 
mentally  determined  relative  magnitudes.  The  results  of  this  comparison 

3  + 

indicate  that  the  cross  section  for  excitation  of  the  A  E^  state  is  comparable 
3 

to  that  for  the  B  n  state  at  35  eV.  However  for  lower  incident  electron 

g 
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energy,  the  theoretical  A  state  excitation  cross  section  mav  be  too 

large  due  to  the  approximate  nature  of  the  A  state  wavefunctions  used 

in  which  configuration  interaction  was  neglected.  No  previous  results 

for  excitation  of  the  W  state  have  been  reported.  The  comparison 

between  the  calculated  cross  section  for  excitation  of  the  E  state 

g 

with  the  available  experimental  data  indicates  that  the  theoretical 
curve  is  considerably  broader  than  that  which  is  measured.  Although 
the  (OR)  scattering  model  appears  generally  to  predict  a  total  cross 
section  which  is  slightly  broader  than  that  measured,  the  very  large 
discrepancy  in  this  case  implies  that  the  E  state  is  excited  by  some 
other  process  than  is  described  by  the  theory  employed  here. 

It  can  be  concluded  that  the  generally  good  agreement  of  the  theoreti¬ 
cal  results  with  the  available  data,  the  cross  section  magnitude  of  which 
vary  over  two  orders  of  magnitude,  indicatej  that  the  OR  exchange  approxi¬ 
mation  can  probably  be  depended  on  to  give  reliable  excitation  'Toss  sections, 
in  most  cases  better  than  a  factor  of  two. 
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